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Abstract 
The influence of the cycle conditions of Semi-Closed Oxy-Combustion Combined Cycles (SCOC-CC) onto the heat transfer to 
the 1st row turbine vane in gas turbines was investigated using empirical correlations for a cylinder in a cross flow and for a flat 
plate in a parallel flow being representative for the leading edge and for the vane span, respectively. Radiative heat transfer was 
modelled using absorptivities/emissivities describing the reduction of the thermal radiation absorption/emission by the hot 
combustion flue gas as compared to a black-body. The contribution of chemiluminescence was evaluated by means of numerical 
simulation using a detailed kinetic model of the combustion process extended for radiation processes. SCOC-CC with flue gas 
recirculation before condensation results in a 20-30 % increase of heat transfer due to convection and thermal radiation as 
compared to SCOC-CC with flue gas recirculation after condensation. Further the increase of the pressure ratio from S = 17 to S 
= 40 at fixed thermal power and turbine inlet temperature results in an increase of both the convective and the radiative heat 
transfer of the order of 10 %. Chemiluminescence did not have any influence on the heat transfer, because the powers emitted by 
excited OH- and CH-radicals were smaller than 10-8 % of the thermal power. 
© 2008 Elsevier B.V
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1. Introduction 
In the recent years several power plant cycles resulting in near zero CO2 emission were investigated which were 
based on the classical gas turbine (GT) being operated with air as oxidizer. Since in these cases the major 
component of the turbine exhaust still is nitrogen, only minor modifications in the design of combustion chambers, 
GTs and compressors will be required. Changes in the heat transfer from the hot combustion exhaust to GT-
components being exposed to the hot exhaust flow caused by the different gas composition can also be expected to 
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be small. In the Integrated Project ENCAP which has been funded in the 6th Framework intiative of the European 
Union, several natural gas-based oxy-fuel cycles were considered, which due to cycle conditions and gas 
compositions resulting thereof require unique turbo-machinery. Conceptual aerodynamic designs of some of the 
turbo-machinery components of the S-Graz and of the Semi-Closed Oxy-Combustion Combined Cycle (SCOC-CC) 
are shown in Part 1 of a series of three papers.  
The SCOC-CC power plant (Figure 1) is characterized by the near-to-stoichiometric combustion of the fuel with 
oxygen instead of air. The gas turbine exhaust, mainly H2O and CO2, is supplied to the heat recovery steam 
generator where the major fraction of the H2O is separated from the CO2 by means of condensation. A large fraction 
of CO2 is recycled to the combustor in order to keep the turbine inlet temperature (TIT) at a required level. In 
another case a fraction of the gas turbine exhaust may be recycled before condensation of the steam. These cases 
differ from each other mainly in the gas composition of the gas entering the GT – in the first case the major 
component is CO2, in the second case it is H2O. Nevertheless, both result in an exhaust composition being so much 
different from that of a GT-combustor operating with air that a strong influence of the gas composition onto the heat 
transfer in the hot-gas path of the GT may be expected. 
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Figure 1 Scheme of a SCOC-CC power plant 
The thermal load of components in a gas turbine is determined by incoming heat flux and heat removal by 
cooling. For the incoming heat flux there may be three sources – convection, thermal radiation, and radiation due to 
chemiluminescence of radicals generated in the reaction zone of the flames inside of the combustion chamber. Both 
the convective and the radiative heat transfer in a fossil fuel fired power plant depend on the fuel, the oxidant, and 
on properties of the cycle applied: The carbon-to-hydrogen ratio of the fuel can be expected to have a significant 
influence, because H2O – the combustion product of hydrogen – has both a larger thermal conductivity and a larger 
specific heat capacity than CO2, which is the combustion product of carbon. On the other hand the contributions of 
hydrogen and carbon to the heat release are also different. Radiative heat transfer may also play a role both in the 
combustion chamber, where strong chemiluminescence occurs, and in the gas turbine, where heat transfer is due to 
absorption and emission of thermal radiation. Here the effects depend on the emissivity of the gas mixture, which is 
a function of the concentrations of H2O and CO2, of the total pressure, and of the temperature.  
The objective of this investigation was to assess the heat transfer in the hot gas path of the combustor for the 
semi-closed oxygen-combustion concept for two different flue gas recirculation scenarios and pressure ratios, 
respectively. Since the heat load and the cooling requirements of 1st row vane of the gas turbine are extremely high, 
the heat transfer to this component was evaluated (Figure 2).  
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Figure 2 Hot gas path considered in the heat transfer analysis (encircled is the 1st row vane of the gas 
turbine) 
2. Heat Transfer Modeling & Simulation 
2.1. Convective Heat Transfer 
For the leading edge of the 1st row vane of a turbine a cylinder in a cross flow was chosen as reference geometry, 
and for the span of the 1st row vane a flat plate in a parallel flow was considered to be representative.  
Empirical correlations for the heat transfer to a flat plate in a parallel flow and to a cylinder in a cross flow 
(Figure 3) are given as a function of Reynolds- and Prandtl-number. For the flat plate in parallel flow, an 
experimentally obtained correlation for the averaged Nusselt number is given in Eq. (1) together with its 
corresponding assumptions and range of validity 
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where the fluid properties are evaluated at the film temperature and the following assumptions on the Pr and Re 
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For the cylinder in cross flow, a correlation for the averaged Nusselt number is given in Eq. (2) below 
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where again the fluid properties are evaluated at the film temperature and where the condition ReD Pr > 0.2 must 
hold. 
The thermodynamic and transport properties of the molecular compounds and their mixtures were evaluated from 
gas composition and averaged flow conditions using polynomials for the properties of pure compounds and the 
mixture rules which are also used e.g. in the software package Chemkin 5. The coefficients used for the polynomials 
were taken from the GRI-Mech 3.0 database 6 or evaluated according to Cloutman 7.  
The local heat flux due to convective heat transfer was evaluated from the convective heat transfer coefficient h
and the temperature difference Tg – Ts across the boundary layer of the flow around the component under 
consideration using  
)()( sgsgconv TTNuLTTh   ) O  (3) 
T. Hammer et al. / Energy Procedia 1 (2009) 557–564 559
4 Author name / Physics Procedia 00 (2008) 000–000 
D L
ug, Ug, Tg
Ts
ug, Ug, Tg Ts
longitudinal section
top view
Figure 3 Geometries considered for evaluation of the convective heat transfer; left hand side – cylinder in 
cross flow; right hand side – flat plate in parallel flow. 
2.2. Radiative Heat Transfer: Thermal Radiation 
Radiative heat transfer is caused by absorption and emission of radiation and is known to be an important 
contribution to the heat transfer from and to solid surfaces in gases at temperatures above 1500 °C. The absorption, 
emission and reflection of radiation from and by solid surfaces can approximately be described by Planck’s law for 
blackbody radiation and modifications thereof introducing wavelength dependent absorptivities, emissivities and 
reflectivities 4. Due to the temperature-wavelength-dependence of Planck’s law for the temperature range around 
1500 °C the radiative interaction of solid surfaces with each other and with gases takes mainly place in the infrared 
spectral range around 1.6 μm (see Wien’s displacement law 4). Since only hetero-nuclear molecules are infrared-
active, molecular nitrogen and oxygen do not contribute to heat transfer. However, the greenhouse gases CO2 and 
H2O strongly do.  
A complete treatment of the radiative heat transfer problem would require solving the radiation transport 
equations inside of the combustion chamber and gas turbine. Since these geometries in the case of SCOC-CC may 
differ substantially from those of classical CC-power plants, this would be of no use. Thus (as in the case of 
convective heat transfer) a simple geometric approach was chosen: For all cases the interaction of the vane surface 
with a semi-infinite cylindrical gas volume having constant TIT was assumed.  
The radiative heat flux absorbed by the black, solid surface of a (cooled) component in the hot gas path of a GT is 
given by  
)( 44 sgggsradrad TTAq   ) DHV  (4) 
qrad – radiative heat exchange rate, As – surface area, V – Stefan-Boltzmann constant, Hg, Dg – emissivity and 
absorptivity of the gas mixture 
Here as described in Chapter 13.5 of Incropera’s textbook 4 the emissivity of the exhaust gas mixture containing 
H2O and CO2 and its absorptivity have to be evaluated for a characteristic length  
cylDL  65.0  (5) 
Dcyl – diameter of the cylinder 
In order to perform a better estimation, design specific knowledge of the absorptivity and emissivity of the 
layered structure of the 1st row vane consisting of a partially transparent thermal barrier coating on top of the base 
material as a function of temperature would be required. Obviously the assumption of a black surface results in a 
worst case assumption of the radiative heat transfer. More realistic values of the surface absorptivity in the spectral 
range between 1 μm and 4 μm may be in the range around 0.4.  
2.3. Radiative Heat Transfer: Chemiluminescence 
In addition to the heat transfer mechanism addressed above a qualitative assessment of heat transfer due to 
chemiluminescence was performed which was based on numerical simulation of the combustion process using the 
560 T. Hammer et al. / Energy Procedia 1 (2009) 557–564
 Author name / Physics Procedia 00 (2008) 000–000 5 
Chemical Workbench software package 8. As a reaction kinetic model an extended GRI-Mech 3.0 mechanism 6 was 
applied including population of the radiating states of the OH-radical and the CH-radical being responsible for the 
chemiluminescence 9-10. In order to study the order of magnitude of heat transfer due to chemiluminescence the 
total power emitted from a combustion process assumed to be homogeneous was evaluated and compared for 
different scenarios. For the simulation a calorimetric bomb reactor model (CBR) was selected. In order to achieve 
reasonable short induction times piloting was simulated by converting a certain fraction of the fuel (typically 10-20 
%) with an under-stoichiometric amount of oxygen in a thermodynamic equilibrium reactor and mixing the 
converted gas with the remaining fuel, oxygen, and recirculated combustion exhaust before it was fed to the CBR.  
2.4. Input Data of the Simulations 
Two sets of gas mixtures (Table 1) were evaluated for the SCOC-CC concept by means of thermodynamic 
simulations: one with condensation, the other one without condensation. For these gas mixtures two options for the 
pressure ratio (17 and 40) were given. The thermal input power (765.8 MWth) and the turbine inlet temperature 
(1425 °C) were fixed. In addition the two reference cases (b and c) being representative for syngas combustion 
(IGCC power plant with pre-combustion CO2-separation) and for natural gas combustion (NG-CC power plant) are 
given for comparison.  
Table 1 Gas composition of SCOC-CC concepts. The gas mixtures of the 1st and 2nd column are representative for 
syngas combustion in an IGCC with pre-combustion CO2-separation (reference b) and natural gas combustion (NG-
CC, reference c), respectively. 
Concentrations in Vol% 
Compound NG-CC IGCC with 
pre-comb. 
CO2 sep. 
SCOC-CC
without 
condens. 
SCOC-CC
with 
condens. 
O2 12.75 7.57 1.11 1.41 
N2 75.15 72.84 1.63 3.68 
Ar –a –a 2.04 4.60 
H2O 8.83 18.67 62.12 15.22 
CO2 3.27 0.93 33.10 75.09 
a) added to N2-concentration 
The geometries considered were a flat plate in a parallel flow, length along the flow 12 cm, and a cylinder in a 
cross flow, diameter 3 cm. The surface temperature was assumed to be 1066 °C in the case of with thermal barrier 
coating and 870 °C in the case without thermal barrier coating, respectively, the film temperature, at which the 
empirical correlations were evaluated, was calculated as the arithmetic average of feed temperature and surface 
temperature. The length of the flat plate and the diameter of the cylinder were chosen such that the geometry of the 
1st vanes is roughly represented by these dimensions. Comparison of the results obtained for natural gas combustion 
(ref. c) by empirical correlations using these input data to detailed investigations of the heat transfer coefficient of a 
realistic 1st row vane design show good agreement at the leading edge (cylinder in cross flow), whereas the flat plate 
approximation underestimates the heat transfer coefficient evaluated for the span of this 1st row vane design for 
about 40-50 %.  
The feed velocity at large distance to the surfaces of the cylinder and the plate should be similar to that at the first 
row vane. Since this, however, depends on the design of the gas turbine, the mass flow, and the mass density of the 
gas at GT inlet, this velocity uf,ref was set to 400 m/s for the reference case. For all other cases the same design was 
assumed, which results in a scaling of the feed velocity uf,j according to  
jref
m
ref
m
jrefj QQuu UU //,,  ff   (6) 
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where Qm is the flue gas mass flow and U is its mass density. Indices ref and j give the reference case and the case 
considered, respectively. The factors  
jref
m
ref
m
j QQ UU //   
by which the feed velocity of the reference case needs to be multiplied in order to get the feed velocity of the case j
are given in Table 2.  
3. Results
Figure 4 shows the temperature dependency of the convective heat transfer coefficients for the gas mixtures 
given in Table 1. The average temperature at which the heat transfer coefficient needs to be evaluated is encircled in 
the upper diagrams. The heat fluxes evaluated from these heat transfer coefficients and from relations (4) and (5) for 
thermal radiation are summarized in Table 2.  
The results show that SCOC-CC with flue gas recirculation before condensation results in strongly increased heat 
fluxes as compared to SCOC with flue gas recirculation after condensation (20-30 %) both due to convection and 
thermal radiation. Further the increase of the pressure ratio results in an increase of both the convective and the 
radiative heat transfer (~ 10 %). Compared to both reference cases recirculation after condensation results in 
substantially reduced heat fluxes, even in the case of S = 40, whereas recirculation of the steam-rich exhaust results 
in increased heat fluxes as compared to NG-CC, especially in the case of S = 40 (16 %). It is interesting to note that 
the radiative heat flux in each of the SCOC-CC scenarios is substantially increased as compared to the reference 
cases. The strongest influence of radiative heat transfer is observed in the case of high pressure ratio (S = 40) 
without condensation before recirculation, where the radiative heat flux is increased for 50 % as compared to 
reference c (NG-CC).  
Because the powers emitted by excited OH- and CH-radicals are smaller than 10-8 % of the thermal power (see 
Figure 5) chemiluminescence does not have any influence on the heat transfer. 
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Figure 4 Heat transfer coefficients for convective heat transfer for the different SCOC-CC scenarios 
compared to reference case b. 
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Table 2 Summary of the results – heat transfer coefficients h and heat fluxes q; Index L – plane plate of length L in 
parallel flow; Index D – cylinder of diameter D in cross flow; Index rad – radiative; Index conv&rad – sum of 
convective (cylinder in cross flow) and radiative heat flux.  
 S = 17 S = 17 S = 40
Cycle NG-CC IGCC with 
pre-comb. 
CO2-sep. 
SCOC-CC
without 
condens. 
SCOC-CC
with 
condens. 
SCOC-CC
without 
condens. 
SCOC-CC
with 
condens. 
Qm [kg/s] 685.0 678.6 425.8 501.1 477.5 538.1 
Uav [kg/m3] 3.855 3.646 3.657 5.195 8.604 12.224 
u/u,ref 1.13 1.18 0.74 0.61 0.35 0.28 
hL [W/K m2] 3081 3322 3695 3077 4127 3291 
hD [W/K m2] 4189 4475 4287 3436 4743 3655 
qL [kW/m2] 1106 1189 1326 1104 1482 1181 
qD [kW/m2] 1504 1602 1539 1233 1703 1312 
qrad [kW/m2] 98 101 129 117 148 128 
qconv&rad [kW/m2] 1602 1703 1668 1351 1851 1440 
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Figure 5 Figure 5 Excited state concentrations of OH(A) and CH(A) and power of the radiation emitted due 
to chemiluminescence. Simulation performed for SCOC-CC, p = 40, flue gas recirculated after 
condensation.  
4. Summary and Conclusions 
The influence of combustion exhaust composition and flow conditions on the heat transfer to hot gas path 
components was investigated by means of empirical correlations for a number of semi-closed oxy-combustion 
combined cycle scenarios. Both convective and radiative heat transfer were considered. In the case of SCOC-CC 
with recirculation after condensation only a moderate increase or even a slight decrease of the heat fluxes was 
obtained as compared to the reference cases of combined cycle power plants being either fuelled with natural gas or 
with the syngas obtained by coal gasification and pre-combustion CO2-separation. The major reason for this 
surprisingly small difference is that the mass flows and thus the flow velocities for all SCOC-CC scenarios are 
strongly reduced as compared to the reference cases. Therefore the increase of the Prandtl numbers observed for the 
SCOC-CC scenarios is at least partly compensated by a decrease of the Reynolds numbers. If in order to optimize 
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the efficiency of the SCOC-CC power plant the gas turbine is redesigned, which may result e.g. in a modification of 
flow cross sections, then of course this will influence the Reynolds number making a re-calculation of the Nusselt-
number and thus of the heat transfer coefficients necessary.  
In contrast the radiative heat transfer is not influenced by the flow conditions of the hot combustion exhaust but 
only by the optical depth of the hot gas column interacting with the surface of a GT-component. Since the optical 
depth of a gas column in a certain spectral range is proportional to the product of its length and the number density 
of species absorbing in that spectral range, an increase of radiative heat transfer with increasing pressure ratio is 
observed. Further an increase of radiative heat flux with increasing H2O-concentrations is observed because of the 
spectral position and strength of H2O absorption bands in comparison to those of CO2. The absolute values of the 
radiative heat fluxes may depend on design features of the gas turbine and radiative surface properties of the GT-
components. I.e. if the surface of a hot gas path component is exposed directly to thermal radiation emitted by non-
premix flame regions of the combustion chamber a strong increase of the radiative heat flux may result because of 
the T4-dependency. Further the surface absorptivity of GT-components may start at a value being substantially 
smaller than 1 and increase of time due to oxidation or other processes modifying the surface properties. However, 
this does not have a substantial effect on the increased importance of radiative heat transfer as compared to the 
reference cases.  
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